Handling heavy-load materials is the most common operation in iron and steel making processes. There are numerous operations in which workers directly deal with heavy loads without equipment. The refractory constructions in the converter and AOD (Argon Oxygen Decarburization) furnaces are representative examples. Transferring thousands of heavy materials repeatedly over a long period of time can not only cause musculoskeletal diseases, which occur 70% on the waist and 30% on other parts such as wrists, elbows, shoulders, etc. but also contain latent risks of safety accidents.
Introduction
In the steel manufacturing industry, heavy-load handling operations are prevalent. There are a number of jobs in which operators directly deal with weights without equipment. Extra heavy object transferring which cannot be handled by human strength and patterned works usually employ overhead cranes and forklift trucks. However, these facilities have installation constraints with limited spaces and restricted moving range. Besides, they cannot be applied in the temporary operations. In case of non-formulaic operations or handling of relatively small materials which can be supported by human strength, workers handle loads without the aid of equipment. Representative examples include refractory construction in furnaces and converters, balance-weight handling operations for the calibration of instruments such as load cells, handling of various steel specimens, hand-scarfing operations, maintenance of ladles and tundishes, etc.
For instance, the refractory construction in converters employs air-balancers for transferring refractory bricks to the bottom and middle body parts, which weigh 50-80 kg. On the other hand, refractory construction in the top part relies on humans' strength only due to the relatively light refractory bricks of 25-50 kg and environmental constraints limiting the utilization of the bulkier load-moving equipment as seen in Fig. 1(a) . Similar refractory construction is performed in AOD furnaces. The AOD furnace is relatively smaller than the converter so that there is no enough space inside to use construction apparatuses such as an air-balancer. Besides, the adsorption utilizing the pneumatic suction pad is not useful because the refractory made of Dolomite produces large amounts of dust that bother creating vacuum adhesion. Hence, most of refractories in AOD furnaces are handled by the human power only. A single AOD furnace requires 4 000-5 000 refractories that weigh between 10-35 kg. Refractory construction is a representative non-formulaic process which requires not only transferring multiple bricks but also refractory alignment, paper insertion, and so on. Since human intelligence and sense are necessary for this process, it is very difficult to be fully automated by robots. In addition, handling steel specimens, hand-scarfing operations, and maintenance of ladles and tundishes similarly deal with heavy-load materials.
Transferring large numbers of heavy-load materials through the operations mentioned above or carrying the load for a long time can cause the muscular skeletal diseases and carry a risk of latent safety accidents. Thus, development of the powered exoskeleton robot is recently required in steel and heavy industries, where the robot assists with strength when handling tough heavy-loads or performs nonformulaic activities that require human intelligence. The exoskeleton robot is a device that supports or augments the physical strength of humans. This has the wearable frame with multiple actuators and functions by measuring wearer's motion intentions.
A variety of exoskeleton robots with different purposes have been developed. For example, the HULC by Lockheed Martin 1) and XOS series by Raytheon 2) were designed for military purposes. HAL by Cyberdyne [3] [4] [5] and Rewalk by Rewalk Robotics 6) have been developed for handicapped people in health care. Those previous robot designs have the full-body or lower-limb structures. On the other side, AWN-02 by ActiveLink 7) and Muscle Suit by Tokyo University of Science 8) are the robots for supporting the stretching strength on the hip joints, waist, and lower back. The AWN-02 provides 15 kg payload with two electric powered actuators and the Muscle Suit generates 30 kg payload by multiple PAMs (Pneumatic Artificial Muscles).
9) AWN-02 robot detects the position of the human body and transfers the assistive force to the wearer in real-time. This offers several modes of operation: The assistive mode supports the physical strength. It also has functions for walking and holding the body in a certain posture. Muscle Suit receives the motion command by a mouth sensor to control the operation of PAMs (Pneumatic Artificial Muscles). By controlling the pneumatic valve through the mouth-piece, it regulates the air-pressure to the PAMs.
In this paper, the novel stand-alone powered exoskeleton robot suit was developed for supporting the strength of waist, lower back, and hip joints that are physically vulnerable during repeated handling heavy-load materials. A pair of electric actuators without tethering cables can generate maximum 137.42 Nm assistive torque. The overall frame weight of the robot is around 8 kg by design of carbon fiber body structure. Novel clutch systems, namely sectional operating locks (SOLs), can largely increase the battery efficiency by use of intermittent power. Workers can handle heavy-load materials without difficulties with the exoskeleton robot suit and this significantly reduces the physical fatigue. This technique can ultimately increase the work efficiency by minimizing muscular skeletal disorders and safety accidents.
Prior Art
The wearable full-body exoskeleton robot was developed for the refractory construction of the converter in POSCO steel works in Korea. The robot was designed for handling under 40 kg refractories in the cone part of the converter. Figure 2 shows photographs of the full-body exoskeleton robot and the 33 kg refractory handling experiment.
The frame consists of a total of 19 degree-of-freedom joints, which contain 10 active joints and 9 passive joints. Each active joint was manufactured with motor, reducer, and two encoders, and the passive joint includes the absolute encoder. The robot frame is strapped with the operator on the shoulders, waist, and feet as shown in Fig. 2 . Human motion intentions for the upper body are transferred by the F/T (force/torque) sensors at the end-effector of each arm. F/T sensors and FSRs (Force Sensing Registers) installed in the soles detect the motion of the lower body. In addition, the position data of the robot can be acquired by the AHRS (attitude and heading reference system). The pneumatic suction pad manufactured by Schmalz was applied for the refractory gripper.
The full-body exoskeleton robot showed several drawbacks in the test due to the heavy frame weight of 75 kg. For instance, since the large moment of inertia hindered the fast swing motions of legs, it showed control difficulties in walking with a heavy load. The heavy weight of the robot frame hindered for operators to control passive joints. Moreover the full-body exoskeleton robot required high level of position balance control immediately after gripping a heavy load.
Since the problems mentioned above are associated with the safety accidents, we have rather developed the powered exoskeleton robot suit for assisting the waist, lower back and hip-joint strengths using the developed technology of the full-body exoskeleton robot.
Motion Analysis
The waist, lower back, and hip joints have severe stress when workers handle heavy-load materials. In the case of the refractory construction in the cone part of the converter and AOD furnace, manual transferring operations are per- formed for all refractories. Workers should move thousands of refractories of 10-50 kg. Thus, we simulated the 33 kg refractory lifting motions and analyzed the load on waist, lower back and hip joints. The posture when the worker lifts the refractory at 0.2 m height from the ground is illustrated in Fig. 3(a) . The maximum length of the moment arm L h is about 0.6 m. The external torque of 197.04 Nm except the weight of human body is added at the hip joints when lifting the 33 kg refractory. In case of lifting light objects, human first bends over the waist and back and then stretches them with hip joints. Since holding behavior only occurs on the waist and lower back, however, there is little bending on the waist and lower back when lifting heavy objects. Instead, hip joints perform the most of stretching motion because the strength of waist and back is relatively weaker than that of hip joints. Thus, the hip joints were considered as the acting point of the robot. The length of moment arm and the external torque with respect to the height of the objects are presented in Fig. 3 (b). The higher position the object has, the shorter the moment arm is, and the smaller the external torque on the hip joints is going to be. If the robot can assist the stretching strength and compensate the external torque, workers can lift loads more easily and the physical fatigue on the waist, lower back, and hip joints would be minimized from the repetitive heavy-weight handling operations. Figure 4 expresses the moving range of the hip joints when lifting the load. The angle of hip joints when standing upright is 180° until 3 seconds. The bending motion for grabbing the object occurs from 180° to 65°, and the stretching motion is generated to lift the load with the maximum angular velocity of around 90 degree/s. The single-direction robot operation is required between 65-180° to assist the stretching motion for human. The robot does not need to assist the operation in the other angle range.
The worker has to transfer the load to different while walking after lifting the weight vertically. Figure 5 illustrates trajectories and velocities of the regular walking and walking with the load. The angular movement ranges of hip joints are between 150-190° in the regular walking, and accordingly angular velocities reach − 135 degree/s when a leg is swing for the next step in Fig. 5(a) . Meanwhile, the worker who is handling the heavy-load object walks with short and quick steps. Figure 5 (b) shows the walking pattern while carrying a 33 kg refractory. Though angular movement ranges of between 150-180° are slightly diminished, angular velocities of the hip joints, which reach around − 150 degree/s, become faster than those of the regular walking.
The rotational moving ranges of the hip joints in the walking motion are relatively smaller than the ranges of the lifting motion. However, the angular velocities are much faster and moreover quick redirections of rotation are required so that it is very difficult for the robot to synchronize the human motion in the walking motion. Since the asynchronism between a human and the robot frame in the middle of the operation may cause more fatigue, the robot needs to possess the clutch to disconnect the motor power when the worker is walking. During walking motions, no additional support or assistance from the robot is required on the hip joints.
Design
The powered exoskeleton robot suit is the device that supports the muscle strength of the waist and hip joints in the process of lifting heavy loads. Since the robot assists only the stretching motion of the hip joints unlike the full-body exoskeleton robot, it cannot support its own frame weight. Thus, the robot body should be as light as possible not to obstruct the heavy-load handling operation. Furthermore, wearing and taking off the robot should not be difficult. Figure 6 illustrates the photograph of the stand-alone powered exoskeleton robot suit. The total weight of the robot is around 8 kg and donning the robot is very similar to wear a backpack. The robot frame is secured to operator on shoulders, waist, and thighs using straps. When the operator takes action to lift a load from the bending state wearing the exoskeleton robot suit as shown in Fig. 6(a) , the robot generates the rotational motion for stretching in order to assist with the weight lifting.
The structure of the stand-alone powered exoskeleton robot suit is illustrated in Fig. 7 . The robot generally consists of the main body frame, a pair of electric actuators, Sectional Operating Locks (SOLs), and thigh frames. The main body frame made of carbon fiber fixes the actuators on both sides and carries electric devices such as the controller, motor drivers, and the battery on the back.
The maximum external load of 194.04 Nm from the payload is added on the hip joints when the operator lifts the 33 kg refractory in Section 3. The external load is directly transferred to the waist, the lower back, and the hip joints of the human body without any equipment. However, the assistance by the robot can reduce the external load, which is transferred to the wearer. The performance of actuators determines the amount of power assistance.
The single drive unit is comprised of the motor (Kollmorgen RBE 01810C), the Harmonic Drive (SHD-20-160), absolute encoder, incremental encoder, and sectional operating lock in Fig. 8 . The parts list of devices is presented in Table 1 . The output torque generated from both actuators can be calculated as follows, Where η, K t , A, and G r are the efficiency, torque sensitivity, the input current, and the gear ratio. The drive train efficiency of 80% was considered inductively by experiments. The torque sensitivity of the motor is 0.061 Nm/Amp. The continuous input current is supposed to be applied up to 7.3 A, and the peak input current of around 8.8 A was measured during the motion. The Harmonic Drive has a gear ratio of 160:1 so that both actuators can generate maximum continuous torque of 114 Nm and peak torque of 137.42 Nm in the stretching motion with a payload. The force with which the robot pulls the shoulders of operator from the top of the robot is derived as, where l b = 0.41 m is the length from the axis of actuators to the straps at the top. The robot pulling force on the shoulders is 335.17 N. The maximum angular velocity of 264 degree/s can be supplied from each actuator. As expressed in Section 3, the heavy-load handling operation contains not only the lifting motion but also the walking. Though the robot supports the single directional motions, which are the waist stretching, it cannot assist the walking motion due to the quick change of directions and the following asynchronism between the robot and the human that causes physical fatigue. Hence, the intermittent transfer of motor power through the clutch should be achieved for separation between the robot actions. An additional clutch, however, results in a more complicated body structure as well as an increase of the robot weight. Thus, we developed and applied the light-weight sectional operating lock (SOL) that can operate in desired angle without additional actuators. The SOL transmits the motor power in the desired range such as the stretching motion and disconnects the motor power in the section where assistance is not needed such as walking. The hip joints are operated as the passive joint that does not disturb the walking motion.
In detail, the walking status of the SOL is described in Fig. 9(a) . There are two teeth in the SOL input frame, which is directly installed in the Harmonic Drive, and the SOL output frame, which can freely rotate. The SOL output frame is disengaged in the range of 120° where teeth of the SOL input and output frames are not engaged. The regular walking motion has around 40° leg swings in Section 3 so that the worker can freely move while walking without the interference. Meanwhile, teeth of the SOL input and output frames are engaged during the stretching movement in Fig.  9(b) . The motor power is directly transmitted to the worker in the locking status and the worker can be assisted in lifting the heavy weight object. The motor operates only for a short time during the stretching motion. Intermittent use of the motor power saves energy of the battery for extended duration of robot operation.
The main body and both thigh frames were fabricated with T700 carbon fiber reinforced composite laminates in Fig. 10 . The aluminum insert frame was designed first, and T700 carbon fiber composite, which is the woven fabric preimpregnated type, was co-cured around the aluminum frame in the high pressure autoclave. The weights of the main body and thigh frames are 1.51 kg and 0.17 kg, respectively. The hollow aluminum insert frame enables power and sensor cables to be placed inside it.
10,11) Figure 11 illustrates photographs of the controller, the motor drivers, and the battery. A DSP TMS320F2808 micro controller manufactured by TI was employed and two motor drivers manufactured by ELMO were installed on the bottom of the controller board. The lithium-polymer battery that has a capacity of 2.2 Ah with 44.4 V and 15 A provides the power to the robot actuators and electric devices. The battery module was designed to be easily replaced.
Control
Since the robot transmits a single directional force for the waist stretching, it does not need to synchronize the swing motion with human and generate a feedback control by sensors. Thus, sequential control logic was applied in the powered exoskeleton robot suit, where the algorithm performs stretching by receiving the motion intention in the waist bending condition and reinstates the SOLs to the original position for walking The powered exoskeleton robot suit does not use additional sensors except for the absolute and incremental encoders. The incremental encoder installed in the motor side detects the rotation of the motor, and the absolute encoder attached on the thigh frame detects the wearer's leg movement angle as shown in Fig. 12 . SOL input and output frames have two teeth respectively and the motor power is only transmitted to the thigh frame when the teeth are engaged. At the initial state, the incremental encoder cannot recognize the absolute angle of the motor angle position so that the position control cannot be accomplished. Hence, the absolute angle position of the motor should be initialized by using of the absolute encoder on the thigh frame as follows (4) where θ ioffset , θ icd , θ inc , and θ abs represent the correction offset value of the incremental encoder, the initial value of the incremental encoder, the corrected value of the incremental encoder, and the value of the absolute encoder, respectively. When an operator bends down at the waist, the teeth on SOL input and output frames are synchronized, and θ ioffset is simultaneously calculated. Then the angular value of the incremental encoder θ inc is initialized by the value of the absolute encoder for the position control. SOL operations in both sides are identical. Figure 13 illustrates the control flow of the stand-alone powered exoskeleton robot suit, which is repeated every 0.001 seconds. After the robot is powered, the operating strength of the actuators can be controlled at six levels by the magnitude switch on the indicator in Fig. 14(a) . (5) where u and A max are the current input to the actuators and the maximum current supplied from the battery.
The stretching motion of the robot can be performed when satisfying the following two conditions: First, the motion switch in Fig. 14(b) must be pushed. Second, the motion intention while lifting the object should be transferred to the robot. Since most of operators use both hands when they lift the heavy material, it is difficult to operate the robot with an input switch only. Thus, the motion switch puts the exoskeleton robot suit on standby, and then the stretching motion is performed safely by recognizing wearer's motion intention. The motion intention is activated when the following conditions are satisfied simultaneously. degree/s, where the sensitivity of robot motion can be controlled by adjusting the value of μ. During the waist stretching motion for load lifting, the SOL input frame pushes the SOL output frame with engaged condition. After the stretching motion is accomplished, the SOL input and output frames are unlocked, and the SOL input frame returns to the original position for smooth walking. Last, no interference occurs between the SOL input and output frames in the walking condition. In addition, all variables are initialized and the robot control cycle is repeated. Figure 14 illustrates the indicator and motion switch. The indicator includes the magnitude switch, working status LED, battery power gauge, and emergency button. The motion switch is installed on the shoulder strap as to avoid the interference.
The (7) where τ A and  θ are the output torque and angular velocity of the actuator. Based on the torque distribution above, the real-time torque generated from the exoskeleton robot suit can be obtained while an operator lifts a heavy object.
Experimental Results
This Section presents the experimental results of the stand-alone powered exoskeleton robot suit for a heavyweight handling. The developed exoskeleton robot suit was implemented in the refractory construction of AOD furnaces in POSCO as shown in Fig. 16 . The applicability of the robot suit was verified via refractory handlings and transferring operations. Relatively small working space and a lot of dust on the refractory do not allow to utilize an airbalancer for refractory transferring. All refractory construction processes were performed by human operators, and the powered exoskeleton robot suit will be helpful to reduce the physical pain of operators.
The schematic view of lifting a weight while wearing the exoskeleton robot suit is shown in Fig. 17(a) . When the robot is operating, the frame applies the force to human body and vice versa. In case the load is too light and the angular velocity of stretching motion is too fast, for instance, human adjusts the operating velocity by applying the interaction force to the robot. The movement of human is acted like a load. In the case a worker lifts a heavy weight, whereas, the operating velocity is relatively slow, and it simultaneously requires high torque so that human and robot generate identical directional forces. The direction of interacting forces between the operator and the robot is frequently changed in various working situations. This implies that the human functions as a mechanical impedance between the robot and the load in Fig. 17(b) .
When lifting a heavy weight, the large variation of the center of gravity (COG) occurs. As explained in Section 4, the actuator can theoretically generate a 137.42 Nm torque, which lifts 31.13 kg in 0.45 m distance. Though the robot can handle the 30 kg load, a worker should apply a certain level of force to lift the object to maintain balance. If the human does not generate any force just relying on the robot force when the robot starts to operate, the wearer falls forward due to the rapid change of COG from the heavy load in Fig. 17(a) . Basically, the worker's lifting motion should occur prior to the robot operation, and the robot motion needs to be assumed to assist human work. Then, they do not fall forward with the heavy load, because workers can cope with the rapid change of COG and regulate the balance themselves. Figure 18 explains the robot operation through the movement of the thigh frame and actuator. The absolute encoder and incremental encoder are installed on the thigh frame and actuator, respectively in Section 4 and 5. The range (a) presents the initial state just after the robot is powered, where the value of absolute encoder is set at 180° in the posture of standing upright. When the wearer bends at the waist to grip the object, the SOL input and output frames meet at (b), and the value of the incremental encoder is initialized by the value of the absolute encoder at (c). Drive units including the motor and reducer are back drivable so that the wearer can bend over the robot without the motor operation between (a) -(d). This allows the drive unit only provides a single directional assistive force in refractory handling operation. The motion switch is pushed in the range (d), and the robot stretching for assisting the weight handling is performed in the range (e) with the activation of the motion intention. After the robot stretching is completed, the SOL input frame returns to the original position in the range (f). Since there are angle differences between the actuator and the thigh frame in the range (g), an operator wearing the robot can walk freely.
Experimental results of the robot stretching motion in a no-load condition are presented in Fig. 19 . The waist stretching motion was performed for 0.215 seconds without a load in Fig. 19(a) , where the robot operation is generated in the range of about 60° to 190°. The margin of 10° was considered because a gap exists between the human body and the robot frame.
The angular velocity increased slowly initial 3.66 to 3.88 seconds in Fig. 19(a) , where this means that the human body was acted upon as a load. The angular velocity increased rapidly after 3.8 seconds as a consequence of the short moment arm. The real-time torque from both actuators is shown in Fig. 19(b) . The torque duration over 135 Nm lasted for initially 0.14 seconds. The torque profile with respect to the hip-joint angle of the robot is presented in Fig. 19(c) . The most torque was used in the initial driving motion because of the large distance between the actuator and weight. Figure 20 shows the experimental results of robot stretching with the 33 kg load. The waist stretching motion was completed in 0.7 seconds in Fig. 19(a) , where this is 0.49 seconds longer than that of the no-load condition. The angular velocity increased slowly from 5.3 to 5.9 seconds, and this section required a large amount of torque in Fig.  20(b) . The torque duration over 135 Nm lasted for initially 0.6 seconds, and this implies that the robot generated more torque to assist the weight lifting than the no-load condition. Similar to Fig. 19(c) , the most torque was used in the initial driving motion in Fig. 20(c) . However, 122-125 Nm of torque was used in the final stage of the stretching operation. This means that the wearer applied an opposite directional force based on the robot operating direction in order to control the angular velocity in the last step.
Conclusion
In this paper, the stand-alone powered exoskeleton robot suit was developed for steel manufacturing. Handling heavy loads is the most common operation in iron and steel making processes. The refractory constructions in converters and AOD furnaces are the representative examples, where the construction process is performed by human strength only due to the environmental constraints. Numerous times refractory handlings can cause physical pain on the waist and lower back. Hence, the stand-alone powered exoskeleton robot suit for assisting human strength has been designed and implemented in the AOD furnace.
In comparison of former robot systems, we tried to improve the robot mobility by the stand-alone drive system and achieve simple motion control without complicated devices and algorithms. As a result, the wearable-type robot has a maximum assistive force of around 30 kg by the stand-alone actuators. The novel light-weight sectional operating locks in actuators made the robot structure and control scheme simple simultaneously. In addition, intermittent actuations by the SOLs can manage the efficient battery power. Operators can lift the heavy load easily by obtaining physical assistance from the robot. This will reduce the musculoskeletal diseases of workers and be able to prevent the latent safety accidents.
